Abstract. Various techniques for physical characterization of active pharmaceutical ingredients, including X-ray powder diffraction, birefringence observation, Raman spectroscopy, and high-performance liquid chromatography, can be conducted using 96-well plates. The only exception among the important characterization items is the thermal analysis, which can be a limiting step in many cases, notably when screening the crystal/salt form. In this study, infrared thermal camera technology was applied for thermal characterization of pharmaceutical compounds. The melting temperature of model compounds was determined typically within 5 min, and the obtained melting temperature values agreed well with those from differential scanning calorimetry measurements. Since many compounds can be investigated simultaneously in this infrared technology, it should be promising for high-throughput thermal analysis in the pharmaceutical developmental process.
INTRODUCTION
In the developmental study in pharmaceutical industry, once a candidate compound is identified for further development, its physicochemical characteristics must be extensively evaluated for designing clinical formulation. Notably, polymorphism of active pharmaceutical ingredients requires extensive investigation (1-4) because selection of an inadequate crystal form may cause serious, even fatal, problems during or after the launch of the products (5) . However, since recent developmental timeframes in the pharmaceutical industry are much shorter than those of decades ago, various characterizations are carried out using high-throughput technologies (6) (7) (8) (9) . Various techniques for physical characterization, including X-ray powder diffraction (XRPD), birefringence observation, Raman spectroscopy, and high-performance liquid chromatography, are frequently conducted using 96-well plates. The only exception among the important characterization items is the thermal analysis, which can be a limiting step in many cases, notably when screening the crystal/salt form.
Infrared thermal camera technology provides with twodimensional temperature images by detecting temperaturespecific infrared energy from the samples. The field of this technology is rapidly expanding (10) (11) (12) (13) (14) . For example, since recent instruments are very easy to handle, it is expected as a new methodology for diagnosis (13, 14) . Its application for thermal characterization of pharmaceutical compounds is introduced below.
MATERIALS AND METHODS

Materials
Indomethacin, carbamazepine, and griseofulvin were obtained from Wako Pure Chemicals (Osaka, Japan). Mannitol and sulfamerazine were supplied from Nacalai Tesque (Kyoto, Japan) and MP Biomedicals (Solon, OH, USA), respectively. Sulfamerazine from the supplier was in form I, which is the stable form at higher temperatures. It was transformed into form II, which is the stable form at lower temperatures, using a procedure described previously (15) . All other reagents were of the highest grade available and used as received.
X-Ray Powder Diffraction
XRPD patterns were acquired on Rigaku RINT Ultima X-ray Diffraction System (Rigaku Denki, Tokyo, Japan) using CuKα radiation. The voltage and the current were 40 kV and 40 mA, respectively. The data were collected between 5°and 40°(two theta values) at intervals of 0.02°w ith a scan speed of 2°/min.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) measurements were performed on a Mettler Toledo DSC823 e (Mettler Toledo, Greifensee, Switzerland), which is periodically calibrated with Indium. About 4 (±1) mg of the sample was investigated using a sealed aluminum pan. Dry nitrogen (purity higher than 99.99%) was used as the inert gas at a flow rate of 30 ml/min. The heating rate was 15°C/min for all the samples. Figure 1 shows a schematic representation of the experimental setup. Each sample was heated on a programmable hot plate (Hakko Hot Plate DEMO, Hakko Electric Machine Works, Chikuma, Japan) with precise temperature control. All the samples were heated from 100°C with the linear ramp rate at 15°C/min in this study. The surface temperatures of the samples and the sample plate were investigated using an infrared thermal camera (FSV-7000E, Apiste, Osaka, Japan), with a temperature accuracy of ±2% and effective pixels of 320×240. Detection wavelength was 8-14 μm. Emissivity was the only parameter for the temperature calibration of the infrared camera. It could be regarded as almost constant in this study as described later. A black stainless steel plate was used as the sample plate, since reflection of the light disturbed the observation. The distance between the camera and the sample plate was approximately 30 cm. All the measurements were performed in an ambient atmosphere, and the data obtained was analyzed using the software from the manufacturer.
Infrared Thermal Camera System
RESULTS AND DISCUSSION
Figures 2 and 3 show XRPD patterns and DSC curves of the model compounds used in this study. Indomethacin and mannitol were in the form γ and the form β, respectively, both of which have been recognized as the most stable forms thermodynamically (16) (17) (18) . Carbamazepine was in the metastable state, the form III, which transformed into the most stable form I after the melting at 175°C (19, 20) . Only one form has been known for griseofulvin. Sulfamerazine has enantiotropically related two crystal forms (4, 15, 21) . The intact form from the supplier (form I) was converted into the stable form at lower temperature (form II) in this study. In the heating process, it was transformed into the form I at 185°C, followed by the melting at 236°C.
Examples of thermal images are presented in Fig. 4 , where five model compounds were heated at 15°C/min. Due to the low thermal conductivity of the solid state, the temperatures of the sample surfaces were initially lower than that of the sample plate, and thus the drug powders could be observed as distinct spots. Over time, the spots disappeared at the respective melting temperatures because the thermal conductivity of the resultant liquid was much higher to provide with the sample-surface temperature equal to that of the surrounding plate. Accordingly, the melting temperature of each sample could be obtained from the thermal image data.
Emissivity of the samples is required to calculate absolute temperatures. That of the pharmaceutical powders was about 0.86 in most cases, and this value can be used at least for the screening purposes. Figure 5 shows the surface temperatures of indomethacin and carbamazepine determined using the infrared camera. In the case of indomethacin, before melting, the surface temperature of the samples increased at a heating rate identical to that of the sample plate, although the temperature itself was lower than that of the surrounding plate. This was followed by a drastic increase in the sample temperature, caused by an increase in the thermal conductivity due to the phase transition from the solid to the liquid state. The endpoint of this rapid increase A difference in the sample amount as well as a difference in the degree of the thermal contact between the sample and the plate may have led to differences in the sample-surface temperature where the melting started, as shown in Fig. 5 , but the melting temperatures were quite reproducible. The temperatures of the sample surface after melting were consistent with that of the sample plate. Moreover, the melting temperature determined using this method agreed with the value determined from the DSC measurement. This was also the case for mannitol and griseofulvin, of which the thermal behavior is very simple, that is, the melting is the only thermal event observed during the heating. Observation of carbamazepine was relatively difficult, which exhibited melt crystallization before reaching the melting point of the stable form. The first melting of the metastable carbamazepine at 174°C was detectable in the same manner as in the case of indomethacin, although clearness of the inflection was reduced due to subsequent recrystallization into the stable form. The second melting was also indicated at 190°C; however, it could not be detected sometimes. Since the problem was not the reproducibility in the temperature but the clearness of the inflection, it could be overcome by investigating multiple samples. Regarding sulfamerazine, although there is a polymorphic transition at about 185°C, it was not detectable. An increase in the heating rate decreased the resolution as in the case of normal DSC measurement. On the other hand, there were no disadvantages in decreasing the heating rate except for the increase in the required measurement time. Although the decrease in sensitivity is a serious problem in the normal DSC measurement at slow heating rates, the proposed infrared technique is free from such a problem. Thus, the increase in the resolution can be achieved by decreasing the heating rate without decreasing the sensitivity. As for the sample amount, although 1 mg was usable for the observation, it decreased the temperature difference between the sample surface and the surrounding plate, which reduced clearness of the inflection in the temperature-time plot. Thus, at least use of 3 mg of the sample is recommended for the observation.
The melting temperature has been the only thermal event clearly observed in this study. However, an increase in the sensitivity should enable observation of any thermal events, including polymorphic transition, desolvation, and crystallization, because any events accompany thermal responses. Needless to say, factors that can cause problems in the normal DSC measurements, such as large amount of impurities and contamination of the different crystal forms, should be problems in this analysis as well. The factor relating to a decrease in the sensitivity of the proposed method is, for example, noise from the air, which should be overcome by reducing the atmospheric pressure. It should be noted that the measurements shown in Fig. 5 were finished within 5 min. It may be possible to observe 96 samples in a few minutes by heating a 96-well plate at a higher heating rate. This application of infrared technology is a promising methodology for high-throughput thermal analysis in the pharmaceutical developmental process.
CONCLUSIONS
Infrared thermal camera technology was employed for thermal characterization of pharmaceutical compounds. The melting temperature of model compounds was typically determined within 5 min, and it may become shorter with higher heating rate. The melting temperature values, which were determined from the temperature-time plots, agreed well with those from DSC measurements. Since many compounds can be investigated simultaneously in this infrared technology, it should be promising for high-throughput thermal analysis in the pharmaceutical developmental process.
